Background OncotypeDX, a multi-gene expression assay, has been incorporated into clinical practice as a prognostic and predictive tool. However, its use in resource-constrained international healthcare systems is limited. Here we develop and validate a simplified model using clinicopathologic criteria to predict OncotypeDX score. Methods Patients with estrogen receptor (ER) and/or progesterone receptor (PR)-positive and HER2-negative invasive ductal carcinoma for whom the OncotypeDX test was successfully performed between 09/2008 and 12/2011 were retrospectively identified. Tumor size, nuclear and histologic grade, lymphovascular invasion, and ER and PR status were extracted from pathology reports. Data were split into a training dataset comprising women tested 09/2008-04/2011, and a validation dataset comprising women tested 04/2011-12/2011. Using the training dataset, linear regression analysis was used to identify factors associated with OncotypeDX score, and to create a simplified risk score and identify risk cutoffs.
Introduction
OncotypeDX (Genomic Health, Redwood City, CA) is a quantitative reverse transcription polymerase chain reaction-based assay shown to have prognostic and predictive value in early-stage estrogen receptor (ER)-positive breast cancers. The OncotypeDX recurrence score (RS) is reported on a 0-100 scale, divided into low (\18), intermediate (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , or high risk ([30) categories. It is used to predict the benefits of chemotherapy added to adjuvant hormone therapy in ER-positive early-stage breast cancer [1] [2] [3] . This multi-gene expression assay has been incorporated into the American Society of Clinical Oncology (ASCO) and National Comprehensive Cancer Network (NCCN) guidelines [4] [5] [6] [7] [8] .
The current cost of OncotypeDX testing in the United States is approximately $4500 per case. The test has been available since 2004, and Medicaid coverage became available in 2007. While the use of OncotypeDX has been validated and its cost effectiveness has been established [9] , its expense may be a concern in some health care systems and communities. In addition, it is time and labor intensive, requiring shipment of tissue samples to a single laboratory with an average 10-14 day turnaround time in the United States.
Because clinicians pre-select when to order testing using clinicopathologic parameters routinely available from tumor specimens, a reliable and inexpensive estimator of the OncotypeDX risk score could be extremely useful, particularly in many foreign healthcare systems with limited financial resources, and especially if it accurately reproduces not only the prognostic results, but also the predictive results. In this study, we sought to develop and validate a simplified estimation tool for the OncotypeDX RS. The scoring system sought to use established pathologic parameters to limit the cost of care. Although previous studies have developed models to predict OncotypeDX score based on histopathologic variables [10] [11] [12] [13] [14] [15] , our study is unique in that we used only variables that we expect would be a part of routine workup in international and resource-limited settings (i.e., we did not use Ki-67, Cyclin D1, Nottingham Score or H-scores for ER and progesterone receptor (PR) [16] ) and because we created a simplified risk score that can be calculated without a computer, increasing its clinical utility in such settings. In addition, our study was strengthened by the availability of a large sample size for model fitting and independent model validation.
Methods
After obtaining Institutional Review Board approval, women with ER/PR-positive, HER2-negative, invasive ductal carcinoma of the breast for whom the OncotypeDX test was successfully performed between 09/2008 and 12/2011 were retrospectively identified from our institution's prospectively maintained database. The data were split into a model training dataset consisting of 984 women tested between 09/2008 and 04/2011, and a model validation dataset consisting of 299 women tested between 04/2011 and 12/2011. Clinicopathologic characteristics of the two groups were summarized using median and range for continuous covariates, and frequency and percentage for categorical covariates.
Our goal was to develop and validate a linear regression model for OncotypeDX RS, a score derived from the OncotypeDX genomic test that is used to assess the risk of recurrence in early-stage breast cancer and to aid in the decision of whether to use chemotherapy. OncotypeDX scores range from 0 to 100 and are grouped into three categories when reported commercially: low risk (RS \18), intermediate risk , and high risk (RS [30). Univariate linear regression models were used to assess the relationship between various pathologic factors and OncotypeDX score using the training dataset. Patients with HER2 IHC result = '3?' were excluded. Patients with equivocal HER2 by IHC were only included if the FISH test confirmed lack of amplification. HER2 IHC result was examined as a dichotomous variable ([0 vs. 0). Factors significant on univariate analysis were entered into a multivariable linear regression model, and backward selection (with selection criterion p \ 0.05) was applied to obtain the final multivariable model. Due to missing data on some patients, the final model is fit on a dataset of 766 patients. To assess model performance, true observed OncotypeDX score was plotted against model-predicted score separately for the training and validation datasets, and R-squared values were calculated. In addition, there was interest specifically in the performance of the model to identify whether a patient's tumor was high risk (score [30). This was assessed using the concordance index (C-index), which represents the proportion of pairs where the model-predicted score is higher for the patient who was truly high risk (true OncotypeDX risk score [30) than for the patient who was truly low/intermediate risk.
The C-index can range from 0.5 to 1, with 1 representing perfect concordance and 0.5 representing a classifier that is no better than random guessing.
In order to create a tool that could be used easily in real time, a simpler OncotypeDX RS estimation tool was developed based on the final model. Continuous covariates (ER and PR% staining) were dichotomized (80 was selected as a cutoff for both based on observed patterns in the training dataset), and a new multivariable linear regression model was fit. In order to obtain a more clinically useful model, while preserving the magnitude of the effects estimated by the model, coefficients from this model were rounded to the nearest integer to obtain the number of points associated with each risk factor. Using the simplified risk score, we classified patients into three groups (0-6, 7-12, and 13-21 points). Point cutoffs were selected on the basis of their performance and utility in the training dataset only, prior to the assessment of performance in the validation dataset. The number of patients in each simplified risk-score group was reported, and the distribution of true OncotypeDX score (low, intermediate, high) in each group was reported. All statistical analysis was performed in SAS 9.3 (SAS Institute, Cary, NC) and R 3.1.1 (R Foundation, Vienna, Austria), and p-values \0.05 were considered significant.
Results
The OncotypeDX test was successfully performed on 984 women with ER/PR-positive, and HER2-negative invasive breast carcinomas between 09/2008 and 04/2011. These 984 women formed the training dataset. In this dataset, the median age was 58 years [range 24-90, interquartile range (IQR) 49-65] and the median tumor size was 11 mm (range 0.2-47, IQR 8-16). Most women (58%) were classified as low risk based on OncotypeDX RS; 34% were intermediate risk and 8% were high risk (supplementary Table 1 ).
Factors associated with OncotypeDX score
On univariate analysis, ER status, PR status, tumor size [20 mm, nuclear grade, histologic grade, lymphovascular invasion (LVI), and HER2 status were all significantly associated with OncotypeDX score (p \ 0.05) ( Table 1 ). The explanatory variable with the largest strength of association (as measured by R 2 ) was PR status, which explained 23% of the variation in OncotypeDX score (R 2 = 0.2347) (Fig. 1) . In a multivariable model, LVI and HER2 were no longer significant, and ER status, PR status, tumor size, and nuclear and histologic grade were independently associated with OncotypeDX score (all p \ 0.05) ( Table 1) . One-unit increases in ER and PR status conferred small (0.11 and 0.21 point) drops in RS. Size [20 mm, histologic grade 3, and nuclear grade [1 were associated with moderate (1.3-6.1 point) increases in RS. The multivariable model is estimated on the 766 women with complete data on all model covariates.
Model performance and external validation
From 04/2011 to 12/2011, 299 patients met inclusion criteria and were used to validate this OncotypeDX RS prediction tool. The validation cohort had similar clinical characteristics to the training cohort (supplementary Table 1 ). Six patients in the validation dataset were missing histologic grade so no model-predicted score could be obtained for them.
In both the training and validation datasets, we observed correlation between the model-predicted score and the true OncotypeDX score (Fig. 2) , with our final model explaining 42% of the variation in score in the training data and 39% of the variation in the validation data (Table 1) . Our model had good discrimination between patients with high OncotypeDX score ([30) and low/intermediate OncotypeDX score (training data C-index = 0.854, validation data C-index = 0.868). The model assigns 68% of the patients in the training data and 71% of the patients in the test data to the correct risk category (OncotypeDX score \18, 18-30, [30).
Simplified risk score
A simplified risk score was developed to allow for quick and easy risk prediction ( Table 2 ). The risk score is based on a modified version of the final multivariable model with ER and PR treated as binary covariates (Table 1) , The simplified risk score is calculated by summing the points associated with each risk factor that is present
In both the training and validation datasets, the association between the simplified score and the true OncotypeDX score was highly significant (p \ 0.0001). R 2 was equal to 0.2455 in the training dataset and 0.2759 in the validation dataset.
As shown in Table 3 , in the training dataset, 34% of patients had a simplified risk score between 0 and 7. In this group, 80% of patients were low risk based on their true OncotypeDX score, 19% were intermediate risk, and only 1% were high risk. Half of the patients had a simplified risk score between 7 and 12 points, and of the patients in this group, 5% had a high OncotypeDX score. The remaining 16% of patients had a simplified risk score between 13 and 21. In this group, 27% (33/121) of patients were high risk based on true OncotypeDX score. Performance of the simplified risk score was similar in the validation dataset, although slightly more patients had a simplified risk score between 0 and 7 (41%, compared to 34% in the training dataset) ( Table 3 ). The C-index for the simplified risk score using the outcome OncotypeDX score [30 was 0.808 in both the training and validation datasets. Using the selected cutoffs for the simplified risk score, the score assigns 52% of the patients in the training data and 57% of the patients in the test data to the correct risk category (OncotypeDX score \18, 18-30, [30) .
We were additionally interested in whether our simplified model could identify patients with very low OncotypeDX scores, that is, scores from 0 to 10. In the training data, patients with even the lowest simplified risk score (score = 0 or 1) still had a 50% chance of having a true Oncotype score [10.
Discussion
While OncotypeDX is incorporated into ASCO, NCCN, and St. Gallen guidelines as both prognostic for cancer recurrence and predictive of chemotherapy benefit, its use is not universal in all healthcare systems, particularly in countries with limited financial resources. Guth et al. examined the use of OncotypeDX in minority and economically disadvantaged women, comparing OncotypeDX testing incidence in an inner-city population at municipal versus tertiary referral centers in the United States. They noted that when Medicaid coverage became available for OncotypeDX in 2007, minority women at tertiary centers began to undergo testing; however, women treated at municipal hospitals were less likely to undergo testing, resulting in a misleading racial disparity driven by care site Table 2 The simplified risk score is formed by taking the sum of the points assigned to each risk factor that is present
Risk factor
The score ranges from 0 to 21 ER estrogen receptor, PR progesterone receptor Table 3 Performance of the simplified risk score in the training data (n = 766) and performance of the simplified risk score in the validation data (n = 293)
Training data (n = 766) showed that classical variables plus the four IHC markers provided a similar amount of prognostic information as the OncotypeDX score, providing supporting evidence for the idea that a score based on routine histopathologic variables could one day replace OncotypeDX [11] . We could not directly compare our score to theirs, as they measured performance relative to the primary outcome of distant recurrence and we targeted OncotypeDX score itself.
A study exploring the ability of oncologists to predict the RS using standard prognostic criteria revealed that oncologists are able to differentiate between a low or intermediate RS and a high RS using standard prognostic criteria [12] . However, in this study, provision of the actual RS changed the treatment recommendations in nearly 20% of cases, most often in intermediate-risk cases, suggesting that the RS may reduce chemotherapy use [12] . Another study looking at the ability of oncologists to estimate recurrence risk also showed that specialists tend to overestimate the risk of recurrence compared with RS, resulting in potential significant overtreatment of breast cancer patients with adjuvant chemotherapy. Inclusion of actual RS resulted in a 24.9% change in treatment recommendations [20] .
In our study, we developed and validated a linear regression model for OncotypeDX RS. Interestingly, PR status was strongly associated with OncotypeDX score and alone explained 23% of the variation in OncotypeDX scores. Our final model explained 42% of the variation in scores in the training data and 39% of the variation in the validation data. Our final model had good discrimination between patients with high OncotypeDX scores and low/ intermediate OncotypeDX scores (training data C-index = 0.854, validation data C-index = 0.868).
Furthermore, a simpler OncotypeDX RS estimation tool was developed based on this final model to allow for quick and easy risk prediction. In both training and validation datasets, the simplified risk score had good discrimination between patients with high and low/intermediate OncotypeDX scores (0.808 in both the training and validation datasets). Despite its high discrimination, the simplified risk score using the selected cutoffs has a high misclassification rate, assigning 48% of the patients in the training data and 43% of the patients in the test data to the wrong risk category. Additionally, when we tried to use the tool to identify the very low-risk group defined by Sparano et al.
(OncotypeDX score 0-10), we found that even among patients with the lowest simplified risk scores, 50% had true OncotypeDX scores [10 [21] . Though this limits its utility, we believe the tool may be useful in health care systems where OncotypeDX testing is not readily available or commonly utilized by showing doctors the distribution of OncotypeDX score for patients in the same simplified risk-score category as their patients (Table 3 ). The tool allows the identification of a fairly large group of patients (41%) who have a very small chance of being high risk (2%).
One of the limitations of this model is that it was developed using data from a defined set of patients-those who received OncotypeDX testing-hence the possibility of selection bias. Furthermore, the model was developed and validated in the same center. Testing the ability of this simplified tool to predict OncotypeDX RS, in a set of patients at a different center, may further validate its potential.
Within our study design limits, we developed and attempted to validate an estimation tool of OncotypeDX RS. When cost and time are a consideration in utilizing OncotypeDX as a diagnostic tool, our model provides an estimation of risk at lower cost. Our model is not intended to replace the Oncotype RS or other models, but rather to provide a very simple method to calculate risk in settings where other risk estimation methods may not be available. While waiting for a less-expensive test than OncotypeDX that can reduce the overuse of chemotherapy, our model provides a simplified, available technique with the potential to assist physicians and patients in a healthcare system with limited financial resources. The model uses a minimal set of clinical and pathologic variables, and can be calculated instantly without a computer. This model may be useful in low-and middle-income countries, particularly when the financial burden falls on the patients.
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